The discovery of somatic mutations in the isocitrate dehydrogenase (IDH) enzymes through a genome-wide mutational analysis in glioblastoma represents a milestone event in cancer biology. The nature of the heterozygous, point mutations mapping to arginine residues involved in the substrate binding inspired several research teams to investigate their impact on the biochemical activity of these enzymes. Soon, it became clear that the mutations identified impaired the ability of IDH1 and IDH2 to catalyze the conversion of isocitrate to a-ketoglutarate (aKG), whereas conferring a gain of a novel enzymatic activity leading to the reduction of aKG to the metabolite D2-hydroxyglutarate (D-2HG). Across glioma as well as several hematologic malignancies, mutations in IDH1 and IDH2 have shown prognostic value. Several hypotheses implicating the elevated levels of D-2HG and tumorigenesis, and the therapeutic potential of targeting mutant IDH enzymes will be discussed.
Introduction
Malignant transformation is most often a multistep process in which a series of genetic, epigenetic and posttranscriptional events ultimately confer emerging neoplastic cells with a growth and survival advantage (Vogelstein and Kinzler, 1993; Hanahan and Weinberg, 2000; Jones and Baylin, 2002) . It is becoming increasingly clear that metabolic adaptation is an integral aspect of this process (Gillies and Gatenby, 2007; Kroemer and Pouyssegur, 2008) . Fast proliferating cancer cells meet their elevated energetic and anabolic demands by preferentially 'feasting' on certain carbohydrates, lipids and amino acids and resorting to unique metabolic strategies. In fact, the elevated glucose avidity of hematologic malignancies and solid tumors has been widely exploited for diagnostic purposes. But only more recently researchers have begun to appreciate the far reaching implications of metabolic alterations in malignant cells, and their potential contribution to initiation and development of cancer. In addition to their intermediary role in energy and biomass producing reactions, certain privileged metabolites have key roles as allosteric regulators and cofactors of enzymes involved in fundamental processes including chromatin remodeling, mitochondrial respiration, angiogenesis and migration. Furthermore, the same molecular mechanisms leading to uncoupling of cell proliferation and survival from growth factor signaling and other extracellular cues, also contribute to metabolic rewiring.
It has long been recognized that the aberrant activity of proto-oncogenes and tumor suppressors affect the expression and activity of nutrient transporters and metabolic enzymes (Dang and Semenza, 1999; Kroemer and Pouyssegur, 2008; Dang et al., 2009; Vander Heiden et al., 2009) . However, the first examples of mutations in genes coding for mitochondrial enzymes involved in metabolism have only come to light in the past few years. Those include mutations in fumarate hydratase (FH) and succinate dehydrogenase (SDH) in hereditary leiomyomatosis and renal cell carcinoma as well as paragangliomas (Baysal et al., 2000; Tomlinson et al., 2002; Brandon et al., 2006; King et al., 2006; Kaelin, 2009) . A mutation in the isocitrate dehydrogenase 1 (IDH1) gene was first discovered during a sequencing effort across colorectal cancers (Sjo¨blom et al., 2006) . More recently, somatic mutations in IDH1 were identified through a genome wide mutation analysis in glioblastoma (Parsons et al., 2008) . Following this pivotal study, high throughput deep sequencing revealed the presence of mutations in either IDH1 or its mitochondrial counterpart IDH2 in 470% of grade II-III gliomas and secondary glioblastomas (GBMs; Yan et al., 2009) . Since these initial reports, mutations in IDH1 and IDH2 have been identified in B16-17% of patients with acute myeloid leukemia, and spotted in a variety of other malignancies at lower frequencies (Abbas et al., 2010; Paschka et al., 2010) . Unlike the loss-offunction mutations in FH and SDH genes, the IDH1 and IDH2 mutations described to date confer a neoactivity to their enzyme products (Dang et al., 2009; Mardis et al., 2009; Gross et al., 2010; Ward et al., 2010) . This review will attempt to summarize our current understanding of the recently identified mutations in IDH1 and IDH2 and provide several potential molecular mechanisms linking them to malignant transformation.
Biochemistry of IDHs
The family of IDHs consists of three members: IDH1, IDH2 and IDH3. All three enzymes catalyze the oxidative decarboxylation of isocitrate to produce CO 2 and a-ketoglutarate (aKG). These reactions require the presence of a divalent ion (Mg 2 þ or Mn 2 þ ) and the cofactors NADP þ (IDH1 and IDH2) or NAD þ (IDH3) as electron acceptors, generating nicotinamide adenine dinucleotide phosphate (NADPH) or NADH respectively. The NADP þ -dependent family members, IDH1 and IDH2, are homodimeric enzymes that share significant structural similarity. The human proteins are 69% identical and crystallography studies have shown that the overall quaternary structure is nearly identical between the two proteins (Ceccarelli et al., 2002; Xu et al., 2004) . One fundamental difference between IDH1 and IDH2 is the subcellular localization of the two proteins. IDH1 contains a C-terminal peroxisomal localization sequence and is localized in both peroxisomes and cytosol (Geisbrecht and Gould, 1999; Yoshihara et al., 2001) . IDH2 and IDH3 are mitochondrial isoforms of IDH (Figure 1a) . Unlike the NADP þ -dependent enzymes, the IDH3 holoenzyme is a heterotetrameric protein consisting of two subunits of IDH3A and one subunit each of IDH3B and IDH3G. To date, there have been no reports of cancer-associated mutations in any of the IDH3 subunits. In yeast, peroxisomal IDH is important for maintaining NADPH levels that are essential for the metabolism of branched chain fatty acids (Henke et al., 1998; van Roermund et al., 1998) . Although NAD þ -dependent IDH3 is believed to be the principal IDH enzyme in the tricarboxylic acid cycle, the exact roles of IDH1 and IDH2 in cellular metabolism have been less well defined.
The oxidation of isocitrate to aKG by IDH is widely viewed as one of the irreversible enzymatic reactions in the central metabolism. This conversion involves a large Figure 1 Metabolic reactions catalyzed by the IDH family. (a) IDH1 catalyzes the NADP þ -dependent decarboxylation of isocitrate to aKG in the peroxisome and cytoplasm, whereas IDH2 mediates the same reaction in the mitochondria. Also, within the mitochondrial compartment, heterotetrameric IDH3 catalyzes the conversion of isocitrate to aKG in a NADP þ -dependent manner. (b) Mutations in IDH1 and IDH2 impart these enzymes the ability to catalyze the reduction of aKG to 2HG. On the basis of the chemical similarity between these two metabolites, it is possible that the activity of aKG-dependent enzymes is affected by the elevated level of 2HG in tumors harboring IDH1 and IDH2 mutations. In this model, these events may trigger alterations in angiogenesis, epigenetic state, extracellular matrix dynamics, and in turn may affect proliferation, survival and invasive properties of these tumors. Cit, citrate; Fum, fumarate; Mal, malate; OAA, oxaloacetate; Suc, succinate.
free energy change associated with the production of CO 2 . On binding of isocitrate and NADP þ , IDH1 shifts from an open conformation to a catalytically active closed conformation (Xu et al., 2004) . The first step in the enzymatic reaction is the oxidation of isocitrate to oxalosuccinate with the concomitant reduction of NADP þ to NADPH. Enzyme-bound oxalosuccinate then undergoes decarboxylation to form aKG that is then released as the enzyme transitions back to the open conformation in preparation for another round of catalysis.
Neoactivity of IDH1/IDH2 mutant enzymes
As mentioned earlier, somatic mutations in IDH1 and IDH2 were initially identified in low-grade gliomas and secondary GBMs. Those reports established the presence of a heterozygous mutation affecting Arg132 in IDH1as well as the equivalent residue, Arg172, in IDH2, albeit at lower frequency. Since Arg132 together with Arg100 and Arg109 are part of a catalytic arginine triad involved in isocitrate binding, it was immediately hypothesized that these mutations would affect IDH1 enzymatic activity (Yan et al., 2009; Figure 2) . Initial biochemical studies established that mutant IDH1/ IDH2 were unable to efficiently catalyze the oxidative decarboxylation of isocitrate, consistent with the mutations resulting in a loss of enzymatic activity. A subsequent report suggested that a single mutant subunit within the enzyme dimer could exert a dominant negative effect (Zhao et al., 2009) . In this case, purified heterodimers of wild-type and mutant IDH1 were unable to efficiently catalyze the conversion of NADP þ to NADPH when isocitrate was provided as a substrate.
Recently, we demonstrated that mutant IDH1 and IDH2 are not catalytically inactive enzymes, but rather possess novel enzymatic activities, reconciling the proposed gain-of-function model based on the heterozygous nature of the point mutations (Dang et al., 2009) . Untargeted metabolic profiling by liquid chromatography-mass spectrometry identified one metabolite, 2-hydroxyglutarate (2HG), that was elevated over 100-fold in U87-MG cells expressing mutant IDH1 relative to the same cells expressing wild-type IDH1. The chemical similarity of 2-HG to aKG, in combination with observations from isotope labeling experiments in whole cells showing carbon flow from aKG to 2HG, led our group to immediately hypothesize that mutant IDH1 could catalyze a novel enzymatic reaction in which the reduction of aKG to 2HG is coupled to the oxidation of NADPH to NADP þ . Indeed, our studies established that purified mutant protein efficiently catalyzed the proposed reduction of aKG to 2HG, while being unable to synthesize isocitrate (Dang et al., 2009) . There are two possible enantiomers of 2HG because of the presence of a chiral center in this molecule, and mutant IDH1 produces exclusively R(-)-2HG (also commonly called as established by chemical derivatization of the product. Supporting X-ray crystallography studies with IDH1R132H showed that within the active site, aKG and NADPH are positioned as expected for the reduction of the substrate to the expected enantiomer. Overall, the enzymatic characterization of mutant enzyme, suggests that the enzymatic gain-of-function is likely driven by both the loss in affinity for isocitrate as well as significant increases in affinity for aKG and NADPH (Dang et al., 2009) . Supporting the in vitro biochemical data and the observations in engineered cell lines, D-2HG levels were dramatically elevated in malignant gliomas harboring IDH1 and IDH2 mutations. In a panel of human secondary GBMs samples, tumors with IDH1 mutations contained up to B100-fold higher levels of D-2HG than tumors harboring wild-type IDH1 (Dang et al., 2009) . Two subsequent studies in acute myeloid leukemia (AML) also found elevated levels of D-2HG in cells with mutant IDH1 and IDH2 as compared with cells with wild-type alleles (Gross et al., 2010; Ward et al., 2010) . To date IDH1R132, IDH2172 and IDH2R140 mutant enzymes of IDH1 and IDH2 have shown the ability to synthesize D-2HG (Dang et al., 2009; Gross et al., 2010; Ward et al., 2010) . The fact that IDH1 and IDH2 mutant enzymes possess the ability to catalyze the partial reverse reaction, suggests that this gain-offunction activity is the relevant consequence of IDH mutations in cancer.
Loss-of-heterozygosity at the IDH locus is very rarely observed in tumors with IDH1 mutations (Zhao et al., 2009) . It is likely that wild-type enzymatic activity is essential for tumor initiation or progression, possibly by potentiating 2HG production by forming heterodimers with mutant subunits. Although heterodimers of mutant and wild-type IDH subunits have been purified and initially characterized (Zhao et al., 2009) , the enzymatic activity was only indirectly monitored by measuring steady state NADP/NADPH ratios. It will be important to evaluate the ability of these heterodimers to produce D-2HG. If both subunits of the heterodimers retain their respective enzymatic activities, it is possible that the heterodimeric enzyme is more efficient than the mutant homodimeric enzyme in catalyzing the partial reverse reaction. The close proximity of the two active sites could lead to substrate channeling or local concentration effects that would drive the production of D-2HG from aKG. Alternatively, if cells heterozygous for IDH mutations produce sufficient levels of D-2HG to drive tumorigenesis, irrespective of the presence of heterodimeric enzyme, there may simply be no selective pressure to drive loss-of-heterozygosity. It is equally possible that cancer cells require wild-type IDH enzymatic activity in order to remain viable. As future studies define the role of mutant enzyme and D-2HG in tumorigenesis, the exact role of wild-type IDH in these tumors will likely become apparent.
Incidence of IDH1/IDH2 mutations and correlations to other genetic alterations
Following the initial discovery of IDH1 and IDH2 mutations in low-grade gliomas and secondary GBMs, subsequent sequencing efforts revealed alterations in these two genes across additional cancers including acute myeloid leukemia, prostate, B-acute lymphoblastic leukemia and others (Yan et al., 2009) . In gliomas and AML, mutations in IDH1 and IDH2 were mutually exclusive of one another and occur at very early stages of tumor development suggesting that the generation of D-2HG may somehow function as an oncometabolite and promote formation and progression of tumors (Watanabe et al., 2009; Pardanani et al., 2010b) .
I. Cancers of the central nervous system
As introduced in previous sections, in low-grade gliomas and secondary GBMs, heterozygous IDH1 and IDH2 mutations occur at a single arginine residue, Arg132 of IDH1, and the analogous Arg172 residue of IDH2. Mutations in IDH1 and IDH2 are mutually exclusive, suggesting that they independently confer a growth advantage to mutant cells (Hartmann et al., 2009) . Proliferation of poorly differentiated gliomas with mixed astrocytic and oligodendroglial features is key to the progression of the disease and their pathogenesis may be related to a block in differentiation rather than merely just an increase in cell proliferation (Ward et al., 2010) . This observation raises the possibility that D-2HG may interfere with processes involved in cellular differentiation, and ongoing studies will shed light on this question. Patients that harbor these mutations tend to be of younger age and have a better clinical prognosis.
Understanding the link between IDH1/IDH2 mutations and other common genetic events in gliomas may provide further insights into their contribution to pathogenesis (Yan et al., 2009; Verhaak et al., 2010) . In general, TP53 mutations are associated more frequently with low-grade astrocytomas and secondary GBMs compared with primary GBMs. Within these lower grade tumors, TP53 mutations are more frequent across diffuse astrocytomas (74%), anaplastic astrocytomas (65%) and secondary GBMs (62%), whereas they are less frequent in oligodendrogliomas and anaplastic oligodendrogliomas, with an overall prevalence of 16-9%, respectively. Conversely, deletions in 1p and 19q are found more often in oligodendroglial tumors than in astrocytic tumors. Interestingly, in these two tumor types IDH1/IDH2 mutations are found at relatively similar frequency (60-100%; Yan et al., 2009) . Unlike the clear association between TP53 loss, 1p19q loss and tumor lineage, IDH1/IDH2 mutations may contribute to the pathogenesis of both astrocytic and oligodendroglial tumors. Noteworthy, sequential biopsies from multiple patients showed no cases in which an IDH1 mutation occurred after the acquisition of a TP53 mutation or loss of 1p/19q suggesting that acquisition of IDH1 mutations are early events in gliomagenesis and may affect a common glial precursor cell (Hartmann et al., 2009; Watanabe et al., 2009) .
High-grade primary GBMs are often associated with activating mutations or amplification of epidermal growth factor receptor and PTEN (phosphatase and tensin homolog) deletion (Voelzke et al., 2008; Huang et al., 2009) . Analysis of the relationship between genetic alterations in epidermal growth factor receptor and IDH1/IDH2 in GBMs revealed that amplification of EGFR and IDH1/IDH2 mutations are mutually exclusive events (Sanson et al., 2009) . Similarly, genomic profiling of 200 GBMs and two normal brain samples has defined four subtypes of tumors with a common morphologic diagnosis of GBM. Consistent with earlier reports, IDH1 mutations are most commonly found in the proneural class along with TP53 mutations, whereas PTEN, neurofibromin 1 (NFI) and epidermal growth factor receptor alterations are more commonly associated with classical and mesenchymal subclasses (Verhaak et al., 2010) . Finally, hypermethylation of a large number of loci has revealed the existence of a glioma-CpG island methylator phenotype that belongs to the proneural subgroup of gliomas (Noushmehr et al., 2010) . In particular, methylation of the 0 6 -Methylguanine-DNA Methyltransferase (MGMT) gene promoter confers a better prognosis for patients and is often associated with IDH1 and IDH2 mutations (Sanson et al., 2009; Noushmehr et al., 2010) . Whether this is a direct consequence of the activity of mutant IDH or a surrogate marker for epigenetic changes in tumors harboring IDH1/IDH2 mutation remains to be determined.
IDH1 mutations (R132H) have also been found in up to 33% of rare, aggressive adult supratentorial primitive neuroectodermal tumors of the cerebral hemispheres (Balss et al., 2008; Hayden et al., 2009) . The fact that none of the supratentorial primitive neuroectodermal tumors arising in the infratentorial compartment (that is, medulloblastomas) contain IDH1 mutations further supports the idea that the supratentorial and infratentorial compartments have distinct mechanisms of disease pathogenesis despite having nearly identical histopathology. These findings may help to stratify patients with supratentorial primitive neuroectodermal tumors most likely to respond to targeted therapy directed toward IDH1 mutations once available. Noteworthy, these tumors primarily affect children and interestingly, the presence of the IDH1 mutation was found exclusively in the adult patient tumors (X18 years of age) in two independent studies suggesting that this mutation does not have a significant role in childhood tumors of this type (Hayden et al., 2009) .
II. Acute myeloid leukemia
The first study on IDH mutations in AML, reported the identification on IDH1R132 alterations in B8% of the 188 cases analyzed (Mardis et al., 2009 ). An association with normal cytogenetics was noted. Subsequent sequencing efforts revealed the existence of mitochondrial IDH2 mutations (Lalisang et al., 1997; Gross et al., 2010; Ward et al., 2010) . Interestingly IDH2 mutations are significantly more common in AML than gliomas. Two groups reported the identification of a novel leukemia-associated mutation in IDH2, resulting in the substitution of Arg140 for glutamate in the catalytic arginine triad (Green and Beer, 2010; Ward et al., 2010 ; Figure 2 ). In a small cohort of western patients, IDH1 mutations (R132 H, R132C and R132G) were observed in 6/78 samples (7.7%), whereas IDH2 mutations were seen at a higher frequency of 12/78 (15.4%; Ward et al., 2010) . Subsequently, within a more homogenous group comprised of adult de novo cytogenetically normal AML patients, mutations in IDH1 and IDH2 were found in 14 and 19% of the cases respectively. More recently, unlike gliomas, two patients were found to harbor both an IDH1 and IDH2 mutation (Marcucci et al., 2010; Paschka et al., 2010) . Unbiased sequencing has also revealed the presence of 12 non-synonymous recurring mutations (including IDH1) in more than one AML genome. The data suggest that these alterations may be important for the pathogenesis of the tumor and indeed all these mutations were retained in the dominant clone (Mardis et al., 2009 ). Similar to that in glioma, samples from AML patients harboring IDH1 and IDH2 mutations showed elevated levels of D-2HG (Gross et al., 2010; Ward et al., 2010) .
To gain further insights into potential cooperating events in AML, several groups have examined the correlation between IDH1/IDH2 mutations and other common genetic alterations in AML (Lalisang et al., 1997; Marcucci et al., 2010) . Mutations in the phosphoprotein NPM1 are found in 25-35% of adult de novo AML and are associated with a wide spectrum of morphological subtypes. Recent studies across large patient cohorts revealed that IDH1/IDH2 mutations are strongly associated with NPM1 mutation. Activating FLT3/ITD mutations are also common in AML (30-35%) and result in increased proliferation and reduced susceptibility to apoptosis in hematopoietic cells. Both IDH1 and IDH2 mutations are seen in AMLs and subgroup analysis of AML patients have shown an adverse effect of IDH mutations on overall survival among patients with normal karyotype AML (Paschka et al., 2010) . Retrospective clinical trial data has revealed that the presence of IDH1 mutations is associated with a worse prognosis in younger cytogenetically normal AML patients with mutated NPM1 without FLT3-ITD and patients with IDH2 mutations had a significantly lower complete response rate (Marcucci et al., 2010; Paschka et al., 2010) . Interestingly a unique microRNA signature previously found to block myeloid cell and stem cell differentiation was also observed among these patients (Marcucci et al., 2010) . Additional studies will help understand whether they may contribute to block differentiation of these cell populations and impact disease progression.
III. Myelodysplastic syndrome (MDS) and myeloproliferative neoplasm (MPN)
MDS and MPN are clonal disorders of hematopoiesis characterized by the proliferation of myeloid cells. Patients with MDS and MPN have a significantly higher risk of developing secondary AML. Importantly, mutations in IDH enzymes have been linked to this leukemic transformation, an event that is associated with a poor clinical prognosis . Sequence analysis has shown that IDH mutations occur in B5% MDS, 8.8% of MPN and 9.7% of secondary AML patients and were always heterozygous and mutually exclusive of one another (Kosmider et al., 2010) . Of note, mutations in IDH2 were restricted to MPN, whereas the IDH1R132H mutation was detected in MDS and secondary AML patient samples (Kosmider et al., 2010) . Previous studies have shown that mutations in JAK2 (V617F), TET2 and ASXL1 are also commonly found in these diseases however, were typically wild type in patient samples that contained mutations in either IDH1 or IDH2 as noted above Kosmider et al., 2010) . Finally, recent data indicates that IDH1 mutations in MDS are associated with a shorter overall survival and a higher rate of transformation into AML (Thol et al., 2010) . In blast phase MPN, the presence of IDH mutations predicted worse survival (Pardanani et al., 2010a) . In addition, studies both in MPN as well as in high-risk MDS with del (5q) suggest that acquisitions of IDH1 and IDH2 mutations are early events and have a role in disease progression (Pardanani et al., 2010a, b) .
IV. IDH mutations in other malignancies
In addition to cancers of the central nervous system and AML, IDH1 mutations have been identified at low frequency in prostate cancer (2.7%) and B-acute lymphoblastic leukemias (1.7%), suggesting that IDH1 mutations may have a role in the pathogenesis of both tumors types (Kang et al., 2009;  Table 1 ). Follow-up studies across many more patients will clarify the prevalence of mutations in IDH enzymes in these cancers. In addition, analysis of 365 pheochromocytomas and paragangliomas for alterations in codons 132 and 172 of IDH1 and IDH2, respectively, identified one case of a heterozygous IDH1R132C mutation (Gaal et al., 2010) .
A series of less characterized mutations in IDH1 have been reported in thyroid and colorectal cancers. The two most aggressive subtypes of thyroid cancer, anaplastic thyroid cancer and follicular thyroid cancer, both harbor novel mutations in IDH1 corresponding to the predicted G123R and V71I amino acid substitutions (Murugan et al., 2010;  Figure 2 ). Unlike Arg132 involved in substrate coordination, both residues are located in the vicinity of the catalytic domain region and their impact on IDH1 enzyme activity remains unclear. Interestingly, follicular thyroid cancer is a precursor to anaplastic thyroid cancer suggesting that IDH1 mutations could be an early event in tumorigenesis and have a role in the progression of the disease. In addition, IDH1 mutations have been observed in a few human cancer cell lines. For example, a V71I mutation has been found in a plasma cell myeloma line RPMI-8226, and G97D mutations have been found in the colorectal cancer cell lines DLD-1 and HCT15 both derived from the same tumor, as well as in a cell line derived from glioma, HGG153 (Catalogue of Somatic Mutations in Cancer; Bleeker et al., 2009) . One cell line MZ7-mel derived from a malignant melanoma, also contains a V294M mutation in IDH2 (Catalogue of Somatic Mutations in Cancer). Future studies will elucidate whether these mutations are present in primary tumors and whether they affect the biochemical activity of IDH1 and IDH2.
D-2HG as a potential biomarker of cancers harboring IDH1 and IDH2 mutations
Elevated levels of D-2HG are a common feature of human tumors with IDH1 and IDH2 mutations. Because this metabolite is a direct product of mutant IDH1 and IDH2, it provides a means to track the activity of mutant IDH enzymes. Our initial studies suggest that D-2HG may represent a biomarker with potential clinical utility. Across a panel of glioma samples, we observed an absolute correlation between elevated intracellular D-2HG levels and the presence of Cancer-associated IDH mutations KE Yen et al IDH mutations (Dang et al., 2009) . Similarly, in AML intracellular D-2HG levels correlated with IDH1/IDH2 mutational status (Gross et al., 2010) . Because D-2HG is excreted from cells, the presence of this metabolite in serum from patients with IDH mutant AML was examined. In this case, high levels of D-2HG in serum also correlated with the presence of IDH mutations (Gross et al., 2010) . These results underscore the potential utility of 2HG as serum biomarker. In parallel, Ward et al. (2010) determined relative levels of intracellular 2HG in a panel of 18 AML clinical samples, and based on metabolite levels, the presence of IDH mutations was identified with 100% accuracy. Additionally, the novel IDH2(R140Q) mutation in AML was identified through this screening approach, further demonstrating the utility of D-2HG as a biomarker of IDH1/2 mutations. Although these initial results hold great promise, clearly, a number of important questions await investigation. In particular, the correlation of serum D-2HG levels and disease burden as well as the potential of D-2HG levels as a predictive marker of therapeutic response to treatment with standard of care deserve careful evaluation. It has been reported that D-2HG may be tractable via magnetic resonance spectroscopy (Aydin et al., 2003; Sener, 2003) . If that were the case, non-invasive detection of D-2HG by magnetic resonance spectroscopy (MRS) could help to diagnose and guide therapy before the surgery in patients with less accessible tumors such as gliomas. As additional clinical data emerges on efficacy of specific therapeutic strategies in gliomas with IDH1 or IDH2 mutations, early diagnosis before surgery may have significant therapeutic impact. Additionally, it will be important to establish whether this metabolite constitutes a pharmacodynamic biomarker to monitor the activity of inhibitors targeting mutant IDH enzymes once available.
The metabolic product of somatic mutant IDH enzymes as a modulator of cancer-relevant processes
The five carbon dicarboxylic acid D-2HG is normally found in human urine, and is an intermediate in the synthesis of 5-aminolaevulinate and porphyrin for heme synthesis, as well as metabolism of hydroxy-lysine (Lindahl et al., 1967; Chalmers et al., 1980) . Our current understanding of the metabolic origin and fate of D-2HG in mammalian cells is rather limited. This metabolite is produced by the action of hydroxyacid oxoacid transhydrogenase enzyme (HOT) in the liver, kidney and brain of mammals. In this reaction, the formation of D-2HG from a-KG is coupled to oxidation of g-hydroxybutyrate to succinic semialdehyde (Kaufman et al., 1988) . In addition, the promiscuous activity of metabolic enzymes is an alternative source of 2HG (Rzem et al., 2007) . Under physiologic conditions the cellular levels of D-2HG rate are maintained in check by the activity of the enantiomer selective D-2-hydroxyglutaric dehydrogenase (D-2HGDH). Alterations in the balance between production and metabolism of both 2HG enantiomers are associated with pathological acidurias. Indeed, elevated D-2HG and L-2HG in urine, plasma and CSF characterize this group of rare neurometabolic disorders with inherited mutations in D-2HGDH as well as Characterization of the molecular events triggered by elevated D-2HG has revealed that this metabolite has an excitotoxic effect on neurons. Activation of N-methyl-Daspartic acid receptors by D-2HG results in disruption of Ca 2 þ homeostasis and an increase in reactive oxygen species levels of primary neuronal cultures (Kolker et al., 2002) . In addition, several observations provide the framework to begin to link D-2HG and tumorigenesis (Figure 1b) . D-2HG exerts a direct inhibitory effect on adenosine-5 0 -triphosphate synthase contributing to mitochondrial dysfunction. Whether these observations in primary neurons are relevant to the malignant state remains to be determined. It is tempting to speculate that 2HG-driven mitochondrial dysfunction may constitute selective pressure that promotes metabolic adaptation and a shift towards aerobic glycolysis, which could ultimately confer a growth advantage in a hyperproliferative cellular state.
The dicarboxylic acids aKG and D-2HG are very similar whereby a ketone group and hydroxyl group on the second carbon functionally distinguish these two molecules. On the basis of their chemical similarity, several groups have proposed that D-2HG could modulate the activity of aKG-dependent enzymes or interfere with aKG-dependent processes linked to oncogenesis (Frezza et al., 2010; Gross et al., 2010) . This hypothesis is also in part rooted in our current understanding of the impact of alterations in the tricarboxylic acid cycle enzymes and tumor suppressors SDH and FH (Pollard et al., 2005; Selak et al., 2005; Kaelin, 2009) . In this case, loss of SDH and FH results in elevated levels of succinate and fumarate, respectively, which in turn interfere with the activity of the superfamily of aKG-dependent dioxygenases that catalyze a wide range of biochemical reactions (Loenarz and Schofield, 2008) . Potential targets of D-2HG include histone and DNA demethylases that regulate chromatin remodeling, prolyl-hydroxylases involved in HIF1a degradation as well as prolyl and lysyl hydroxylases that mediate collagen biosynthesis. Thus, the intriguing possibility that the elevated levels of D-2HG, the metabolic product of mutant IDH1 and IDH2 enzymes, could impact epigenetic state and gene transcription, angiogenesis as well as extracellular matrix dynamics is actively being explored by many groups. Interestingly, a recent correlation between CpG island methylation phenotype and IDH1 mutational status has been noted (Noushmehr et al., 2010) . This observation adds to the hypothesis linking D-2HG and epigenetic rewiring.
Finally, because D-2HG is excreted by malignant cells it is possible that this metabolite may mediate non-cell autonomous effects, impacting the tumor stroma, normal surrounding tissue and even distal metastasis. Availability of selective inhibitors of mutant IDH enzymes and of relevant genetically engineered mouse cancer models will enable the study of cell autonomous and paracrine effects of D-2HG.
Concluding remarks
The discovery of cancer-associated mutations in IDH1 and IDH2 constitutes the first example of gain-offunction somatic genetic alterations in metabolic enzymes. The discovery that all mutants characterized to date possess the ability to catalyze the reduction of aKG to D-2HG has profound implications. From a pragmatic stand point, the metabolite D-2HG provides a biomarker of mutant enzyme activity with potential clinical applicability. In addition, based on the similarities between aKG and D-2HG, a series of hypotheses have been proposed to molecularly link IDH mutations and tumorigenesis. Ongoing studies will help determine whether elevated D-2HG levels interfere with mitochondrial activity and with aKG-dependent enzymes, and whether mutations in IDH, SDH and FH enzymes may represent another example of evolutionary convergence.
On the basis of genetic and prognostic correlations, mutant IDH1 and IDH2 have emerged as potential therapeutic targets. In addition, replacement of Arg 132 by smaller side chains or hydrophobic amino acids suggests that the identification of selective inhibitors of mutant IDH1 may be feasible. Clearly, the availability of a genetic biomarker for patient stratification and of a metabolic biomarker to track target activity makes mutant IDH1 and IDH2 unique opportunities for therapeutic intervention and drug development. Multiple research teams are actively working to define whether interfering with D-2HG production results in a therapeutic benefit. Furthermore, understanding the prevalence of specific mutations in particular disease types (Table 1) will provide valuable insight into the mechanism of disease progression associated with mutant IDH1/IDH2. Finally, the utility of D-2HG as a biomarker may offer a unique opportunity for clinicians and patients. For example, in AML, the ability to detect D-2HG in serum and the potential to image D-2HG in gliomas via MRS may provide a means to track the progression and/or relapse of disease without painful invasive procedures. Although the ultimate diagnosis will come via genetic confirmation of the presence or absence of IDH1 and IDH2 mutations, plasma D-2HG may serve as a pharmacodynamic biomarker and potentially as a response biomarker, once inhibitors become available.
